The interaction of thrombin and blood platelets is required for clot retraction (2, 3) . Thrombin, possibly by cleaving fibrinogen in the plasma membrane of the platelet (4, 5) , produces a morphologic change in the membrane (6) and causes platelets to become adherent and aggregate; in the midst of a clot they fasten to fibrin strands (7) . It has been suggested that retraction of the fibrin clot is effected by thrombosthenin, an actomyosinlike contractile protein of platelets (8) .
Clot retraction requires energy (9) , which is apparently derived from glucose metabolism by platelets. In the absence of glucose, retraction will not occur (2, 10, 11) ; in the presence of inhibitors of glycolysis, retraction is impaired (12, 13) . In studies of the effects of thrombin on platelet metabolism, it has been observed that thrombin increases the utilization (13, 14) and production (13) of adenosine triphosphate, the production of lactic acid (12, 13, 15) , and, in the few minutes before aggregation, the utilization of oxygen (16) .
Because it seemed likely that the increased oxygen uptake by platelets exposed to thrombin is related to the metabolism of glucose during clot retraction, we have studied the effects of thrombin on the oxidation of glucose by human platelets in vitro. Platelets were incubated with glucose labeled with 14C in the 1 position or in the 6 position, and the influence of thrombin on the production of 14CO2 was determined. The results showed that thrombin produces a marked stimulation of glucose oxidation lasting several hours. This stimulation affects glucose oxidation primarily via the Embden-Meyerhof pathway. The biochemical mechanism of the stimulation was investigated.
Methods
Materials. Purified bovine thrombin,' the activity of which was assayed by determining its ability to convert fibrinogen to fibrin (18) , was stored in lyophilized form and used within 1 week of rehydration. Substrates 2 labeled with 14C were tested for radiochemical purity by paper chromatography: at least 98% of the radioactivity traveled with the authentic compound, and no contaminants were found. Solutions of puromycin dihydrochloride,3 adenosine diphosphate (ADP),4 and ethylenediaminetetraacetic acid (EDTA) 5 were prepared fresh for each experiment.
Human platelets were isolated daily from 500 ml of blood drawn from fasting donors and mixed with 50 ml of 1.5% EDTA. All preparatory steps were carried out with siliconized pipettes at 5°C in cellulose nitrate vessels. Erythrocytes were removed by centrifugation at 1,400 X g for 4 minutes. The supernatant plasma was centrifuged at 120 X g for 10 minutes to remove leukocytes. The platelets were harvested from the plasma by centrifugation at 1,400 X g for 15 minutes, washed once in 0.85% saline, and suspended in 0.85% saline at a final concentration of 1 to 2 X 10' platelets per ml. The final platelet suspension contained no aggregates. Platelet counts were performed by phase microscopy. Average erythrocyte and leukocyte contamination was less than 1 cell per 3,000 platelets and was found to contribute no more than 0.1% of the observed radiochemical yield in the experiments to be described. Experiments were begun within 3 hours after the blood had been obtained.
Experimental procedure. Incubations for determining substrate oxidation were performed in 10-ml Erlenmeyer flasks containing the appropriate labeled substrate; 1.5 ml of fresh Krebs-Ringer bicarbonate buffer (19) Th sentative of the three that were pe were incubated in 5.5 mM glucose 1-"C (.-*) or glucose-6-14C (C synthesis were added. The reactions were stopped by addition of an equal volume of 20% trichloroacetic acid (TCA) containing 10 mM leucine. The precipitate was separated by centrifugation, resuspended in 10% TCA containing 5 mM leucine, and heated to 900 C for 15 minutes. It was then washed three times with the TCAleucine solution and once each with ethanol-ether (1: 1) and ether. The protein precipitate thus obtained was dissolved in 1 ml of Hyamine by warming it at 600 C for 10 minutes. The Hyamine solution was dissolved in PPO-toluene for determination of radioactivity as described above. In control experiments the reaction was stopped after 15 seconds and the precipitate treated in the manner described. The value for the radioactivity of these control specimens, about 100 cpm per 109 platelets, was subtracted from the value of each experimental result. 3 4 All determinations were performed in duplicate.
Lactic acid was assayed chemically by the method of Barker and Summerson (22) after deproteinization of iisAND GLUcoSE-6-prC the incubation mixture with 5% TCA. Three lithium is experiment is repre-lactate standards were prepared with each assay, and all rformed; 109 platelets determinations were performed in duplicate.
with I Ac of glucose-:)-0)-bin, EDTA, ADP, fibrinogen, or desired combinations of these compounds. Reactions were started by adding 0.5 ml of platelet suspension and were carried out in a shaker bath at 370 C in an atmosphere of 95% 0,-5% C02. At the end of the incubation, 0.5 ml of Hyamine6 was injected through the rubber cap into a polyethylene center well, and the reaction was stopped by injecting 0.4 ml of 6 N H2SO4 into the incubation mixture. The flasks were incubated at 37°C for an additional 30 minutes to trap 'CO2 in the Hyamine. The center well was-then transferred to a glass counting vial containing 15 ml of 0.4% diphenyloxazole (PPO) in toluene for assay of radioactivity in a Packard Tri-Carb liquid scintillation spectrometer. The least active samples had activities at least four times the background, and counting time was selected to yield at least 10,000 counts so that the standard error of the count was less than 1%o. Values for counts per minute were converted to disintegrations per minute by the channels ratio method (20) . Each incubation was carried out in duplicate, and the results, which usually agreed within 5%o and never differed by more than 10%o, were averaged. To calculate the amount of substrate oxidized to C02 at the labeled position, we divided the value for radioactivity recovered as C02 by the specific activity of the substrate in the incubation medium. In some cases results are given directly in counts per minute.
Protein synthesis was estimated by a modification of the method of Manchester and Young (21) . Platelets were incubated with 1 ,uc of uniformly labeled leucine-14C (0.004 jumole) in 1.5 ml of Krebs-Ringer bicarbonate buffer and 1 ml of 0.85% saline at 370 C for 1 hour in an atmosphere of 95%y O2-5%o C02. Glucose, 5.5 mM, and substances to be tested for their effects on protein Packard Instrument Co., Downers Grove, Ill.
Results

Oxidation of glucose by platelets
Incubation of platelets with glucose-1-14C or glucose-6-14C led to evolution of 14CO2 ( Figure 1 found to be proportional to the quantity of platelets present within the range shown in Figure 2 . At low concentrations of glucose, glucose oxidation increased with increasing concentration ( Figure   3 ), but in the range from 1 to 20 (Table II, These results show that mannose, fructose, and glucose were each oxidized by platelets and that the oxidation of each was stimulated by thrombin. In particular, platelets exposed to thrombin increased their oxidation of glucose-1-_4C by 11.2 mumoles (Table I , column c), of mannose-1-14C by 11 mjumoles (Table III , column b), and of fructose-U-14C by 13 mfumoles (Table III, column b). These findings are of further interest since others have found that addition of thrombin to platelets leads to clot retraction (2) and increased lactic acid production (15) in the presence of glucose or mannose, but not of fructose.
Galactose, too, was oxidized by platelets. At 5.5 mmoles per L, oxidation of galactose-1-14C (Table III , column a) by untreated platelets was comparable to that of glucose-6-14C. In the presence of thrombin, however, oxidation of galactose-1_14C was inhibited approximately 30%o (Table III , column c). Inhibition was also observed at a galactose concentration of 0.1 mmole per L (Table  II , column c). In the presence of glucose, inhibition by thrombin of galactose oxidation did not significantly increase (Table II, column f; Table  III , column J).
3-Carbon intermediates. The oxidation of pyruvate was investigated to determine whether thrombin affects the metabolism of intermediates in glucose oxidation. At 5 mM pyruvate, in the presence or absence of glucose, oxidation of pyruvate-1-14C (Table IV , columns a and d) was considerably greater than oxidation of glucose-'4C at a comparable concentration. In the presence of glucose, the oxidation of pyruvate-1-14C by thrombin-treated platelets was about 30% -less than by untreated platelets (Table IV, (Table IV , column f). Even at low concentrations of pyruvate-1-G4C, both the inhibition of pyruvate oxidation by thrombin and the enhancement of the inhibition in the presence of glucose were manifest (Table  IV , columns i and 1). Similar results were obtained with pyruvate labeled in the 2-and 3-carbon positions (Table IV) . These findings strongly indicate that thrombin stimulates the oxidation of glucose by platelets by influencing one or more processes earlier in the metabolic sequence than the ones in which pyruvate participates. Lactic acid production by untreated and thrombin-treated platelets during an 8-hour incubation continued for the entire period ( Figure 5 ). In the presence of thrombin, lactic acid production was greater than in the absence of thrombin; the stimulatory effect of thrombin began immediately and appeared to diminish or end within 30 minutes. Thus, the stimulation of glycolysis was primarily an early and transient phenomenon in contrast to the longer-lasting enhancement of glucose oxidation.
Orotic acid. The conversion of orotic acid to uridine 5'-phosphate involves the decarboxylation of orotidine 5'-phosphate. This reaction was studied to see whether thrombin affects reactions un- related to glucose oxidation. In two experiments under the conditions of the standard assay, 14CO2 production from 0.03 mM orotic acid-7-14C (carboxyl labeled) was not significantly altered by the presence of thrombin.
Other studies on the stimulation by thrombin Puromycin. Puromycin, an inhibitor of protein synthesis, was tested for possible effect on the stimulation by thrombin of glucose oxidation in platelets (Table V) . At 0.1 mM puromycin, incorporation of leucine-U-14C into TCA-precipitable material was inhibited by more than 80%o, whereas the stimulation by thrombin of glucose oxidation was only slightly diminished. At 1.0 mM puromycin, which inhibited incorporation of leucine-U-"4C by 95%jo, both glucose oxidation in platelets and the stimulation of glucose oxidation produced by thrombin were halved. Thus, even at concentrations high enough to impair glucose oxidation and almost to obliterate protein synthesis in platelets, puromycin lessened but did not entirely prevent the stimulation by thrombin.
Aggregating agents. To test whether the physical state of aggregation per se in some way produced the metabolic changes observed in platelets agglutinated by thrombin, we studied the effects of other aggregating agents. ADP agglutinates platelets but in a readily reversible fashion not accompanied by viscous metamorphosis (23, 24) . No alteration of glucose oxidation occurred in the presence of ADP at 0.1, 0.4, or 10 mmoles per L. Since fibrinogen has been implicated in the agglutination of platelets by ADP (25) and since in one report (26) the combination of ADP and fibrinogen was said to cause increased lactate production by platelets, 0.1 mM ADP was tested with 0.2 mg per ml fibrinogen in our system. As with ADP alone, the combination did not stimulate glucose oxidation. ADP (10 mM) had no effect on the stimulation of glucose oxidation by thrombin.
Human serum is believed to agglutinate platelets by virtue of its thrombin content. In our studies 0.1 ml of serum consistently agglutinated platelets but failed to stimulate glucose-6-14C oxidation in eight of twelve experiments. Oxidation of glucose-1-14C was not stimulated in any of four experiments and was depressed in two. Addition of 0.5 ml of serum depressed glucose-6-14C oxidation in three of four experiments and depressed glucose-1-"4C in all four.
It is apparent from the experiments with both ADP and serum that aggregation per se did not lead to stimulation of glucose oxidation in platelets. In addition, the finding of unchanged or even depressed glucose oxidation in platelets agglutinated by serum raises the possibility that something other than thrombin is responsible for the agglutinating properties of serum. Alternatively, it may be that critically small amounts of thrombin in serum alter the platelet membrane without altering metabolism of glucose, or that there is an inhibitor of glucose oxidation as well as a stimulator (thrombin) in serum.
EDTA. EDTA, which prevented agglutination of platelets by thrombin, was tested for its effect on the stimulation of glucose oxidation by thrombin. The results differed, depending upon whether EDTA was added to the incubation medium before, after, or concomitant with addition of throm- (Table VI, part A, columns c and f), but stimulation of oxidation of glucose-6-14C was prevented (Table VI, part A, columns i and 1). These observations demonstrate that in the presence of EDTA thrombin stimulates the hexose monophosphate pathway but not the Embden-Meyerhof pathway. When EDTA was added 5 minutes after thrombin, the stimulation of oxidation of both glucose-1-14C and glucose-6-14C was increased in comparison to the stimulation by thrombin alone (Table   VI , part B, columns c, f, i, and 1). Although EDTA might be acting by a mechanism unrelated to the chelation of divalent cations, the enhancement by EDTA of the effect of thrombin suggests that divalent cations are involved in the stimulation of glucose oxidation.
When EDTA and thrombin were added simultaneously, a variable and inconstant mixture of blocking and stimulation occurred.
Discussion
Platelets exposed to thronibin effect clot retraction (2, 3), a process believed to require energy production from glucose (9-11). It has long been known that platelets possess both oxidative (27) and glycolytic activity (28) , but glycolysis has generally been considered the major source of energy in both resting (29) and retracting (13) platelets. One-half of the glucose metabolized by resting platelets is recovered as pyruvic and lactic acids and one-fifth as CO2 and water (30) . Although more glucose may be metabolized to lactic acid than oxidized, oxidation produces far more ATP per mole of glucose and, as has been suggested (31), would seem to be the more important source of energy in platelets.
Glucose oxidation in these studies was measured by assay of 14CO2 evolved from labeled glucose. A 30-minute lag period was observed between the start of incubation and the generation of detectable 14CO2, but no such lag occurred in production of lactate, which was measured chemically. However, the lag period was a constant characteristic of both untreated and thrombin-treated platelets, with either glucose-1-l4C or glucose-6-14C, and the in-- 
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._ x r. NU -rq M -.14 tn IC t-ferences to be discussed are based on observations made after the onset of 14CO2 evolution. Platelets in zitro oxidized glucose for at least 8 hours, and thrombin stimulated this oxidation for several hours. Since thrombin increased the oxidation of glucose-6-14C as much or more than that of glucose-1-"4C, it is likely that the stimulation of glucose oxidation by thrombin occurs largely and possibly entirely via the EmbdenMeyerhof pathway. Lactic acid formation also increased, but the increment was primarily an early phenomenon followed by a return to the normal rate of production during the remainder of the 8-hour test period. These findings agree with other reports of sudden increments in lactic acid production on exposure of platelets to thrombin (11, 13, 15, 26) . Bettex-Galland and Luscher (13) , however, found that glycolytic activity, although initially stimulated, ceased entirely by 30 minutes, and that oxygen uptake by platelets exposed to thrombin actually decreased. It should be noted that in their studies they used 24-hourold platelets, and it is known from the data of others (15, 32, 33) and from our own unpublished observations that platelets even 1 day old have altered basal oxidation rates and responses to thrombin, as well as diminished ATP (15, 34) and glycogen stores (35) . With fresh platelets Hussain and Newcomb (16) demonstrated with an oxygen electrode that platelets exposed to thrombin immediately begin to take up oxygen 11 times faster than untreated platelets; once clumping occurred, their measurements ceased because of technical limitations.
Our findings and those of Hussain and Newcomb (16) thus show that thrombin, which causes platelets to retract a clot, produces an increase in oxidative metabolism by platelets. The coincidence of these two effects suggests that oxidative processes contribute to the energy production required for clot retraction. Although Bettex-Galland and Lfischer (13) found that inhibition of platelet respiration with Victoria blue did not impair clot retraction and stated that oxidative metabolism is not important for clot retraction, their observations show only that platelets are capable of functioning for a limited time on glycolysis alone but do not exclude participation by oxidative pathways in the absence of exogenous inhibitors.
We have investigated the site of thrombin's action on the biochemical pathways of glucose oxidation by testing the effect of thrombin on the oxidation of other hexoses and pyruvate. The fact that the oxidation of pyruvate, unlike that of glucose, was not stimulated and was, in fact, markedly inhibited by thrombin suggests that thrombin acts on a process or processes earlier in the sequence of glucose oxidation than the point at which pyruvate enters the pathway. The dependence of the inhibition on the presence of exogenous glucose suggests that the proposed stimulation of the earlier process leads to formation of increased quantities of glucose metabolites that either inhibit utilization of labeled pyruvate or, by diluting metabolic pools, decrease their specific activity.
Thrombin stimulated the oxidation of mannose and fructose by platelets. Since the carbon skeletons of mannose and fructose enter the glucose oxidation sequence as fructose 6-phosphate, the reaction stimulated by thrombin might lie between fructose 6-phosphate and pyruvate. The present experiments neither prove nor disprove this hypothesis. Alternatively, a step common to glucose, mannose, and fructose might be affected. Both transport of substrate into the platelet and phosphorylation by hexokinase are possibilities.
In contrast to the oxidation of the other hexoses, galactose oxidation in thrombin-treated platelets was inhibited. We were unable to demonstrate glucose dependence for the inhibition of galactose oxidation by thrombin. It may be that this inhibition represents a second effect of thrombin, unrelated to its stimulation of glucose oxidation. If so, the inhibition of galactose oxidation by thrombin would not clarify its action on glucose oxidation.
Thrombin, a proteolytic enzyme, is believed to cleave a fibrinogen-like constituent of the platelet membrane (4, 5) . This change in the platelet membrane renders it more permeable to serotonin, ADP, protein, and ions such as potassium and calcium (33, 36) , but the increased permeability may be relatively specific, since quite different proportions of various intracellular substances escape (33) . If the oxidative pathway for glucose were unsaturated due to limited transport of substrate across the cell membrane, reduction by thrombin of the relative barrier to the entry of glucose would allow its increased oxidation. Against this hypothesis may be the fact that a 20-fold increase in glucose concentration in the incubation medium did not increase glucose oxidation.
Waller, Ldhr, Grignani, and Gross (30) found that hexokinase is rate limiting among glycolytic enzymes in platelets. Since hexokinase in other mammalian tissues (37, 38) phosphorylates glucose, fructose, and mannose but not galactose to any appreciable extent, stimulation of this enzyme by thrombin could explain the observed increases in oxidation of glucose, mannose, and fructose and the absence of stimulation of galactose oxidation. Substantiation of this possibility would entail determination of the substrate specificity of platelet hexokinase and assay of hexokinase activity in untreated and thrombin-treated platelets. From our evidence it is clear that the stimulation of glucose oxidation occurs earlier in the sequence than pyruvate, but the specific site of stimulation remains undefined.
If thrombin does stimulate one or more enzymatic reactions, the stimulation could be accomplished by increasing the activity of enzymes already present or by increasing enzyme synthesis. Protein synthesis by platelets has not, to our knowledge, been demonstrated previously. In our experiments leucine-U-_4C was readily incorporated into the TCA-precipitable fraction, which was further purified by heating in TCA, by washing four times in TCA, and by extraction with lipid solvents. Furthermore, this incorporation was markedly inhibited by puromycin. We have assumed, therefore, that the leucine incorporation into TCA-precipitable material represents protein synthesis in the platelets. Further evidence to substantiate this assumption will be published elsewhere.
In studies intended to test the relationship between protein synthesis and the stimulation of glucose oxidation by thrombin, 0.1 mM puromycin inhibited protein synthesis by more than 80% but had little effect on glucose oxidation in either untreated or thrombin-treated platelets; 1.0 mM puromycin inhibited protein synthesis by 95%, reduced oxidation in both untreated and treated cells, and lessened but did not obliterate stimulation by thrombin. The failure of almost complete inhibition of protein synthesis to prevent stimulation by thrombin suggests that the stimulation does not depend completely, if at all, on new enzyme formation and may instead be related to altered enzyme activity.
Enzyme activity could be altered by changes in the concentrations of cofactors or ions within the platelet. For example, ADP, which is known to inhibit hexokinase (39) , is released from platelets when they are exposed to thrombin, and this release could result in an increased activity of platelet hexokinase. There is abundant evidence showing that cations are important to clot retraction. In the absence of calcium or magnesium, clot retraction does not occur (2) . After the exposure of platelets to thrombin there are marked changes in the movement of cations into and out of the cell. Zieve, Gamble, and Jackson (36) showed that thrombin causes a greater permeability of the platelet membrane to potassium with resultant potassium loss from the cell. Grette (33) proposed that calcium ions enter the thrombin-treated platelet and trigger the release of intracellular contents. We found that addition of EDTA to the incubation mixture a few minutes after the addition of thrombin resulted in a potentiation of the stimulation of glucose oxidation by thrombin. Since EDTA added before thrombin did not enhance the stimulation by thrombin, it may be that the potentiation by EDTA depends upon the increased platelet permeability produced by thrombin. This interaction might further suggest that the mechanism by which thrombin stimulates glucose oxidation involves the loss or sequestration of intracellular divalent cations.
Thrombin and divalent cations are believed to act on the platelet in separate, successive steps (33, 40) , which can be represented as follows: 1) thrombin + platelet -> altered platelet; 2) Ca++ or Mg++ + altered platelet -> selective release of platelet contents and initiation of clot retraction. The findings of the present study suggest a possible third step in the sequence: 3) release of divalent cations from platelets --stimulation of glucose oxidation.
It is of interest to note that in platelets pretreated with EDTA thrombin apparently stimulated the hexose monophosphate pathway selectively. This stimulation contrasts with the stimulation of the Embden-Meyerhof pathway observed in the absence of EDTA or when EDTA was. 3. In contrast to the prolonged stimulation of glucose oxidation by thrombin, the stimulation of lactate production was only short-lived. 4 . Thrombin caused platelets to increase the oxidation of mannose-1-_4C and fructose-U-_4C but to decrease the oxidation of pyruvate-14C. These findings suggested that thrombin acts at a step earlier in the metabolic sequence of glucose oxidation than the entry of pyruvate.
5. In platelets pretreated with EDTA, thrombin stimulated the hexose monophosphate pathway rather than the Embden-Meyerhof pathway.
6. EDTA added after thrombin enhanced the stimulation of the Embden-Meyerhof pathway by thrombin. 7 . Protein synthesis was demonstrated in platelets. Inhibition of this synthesis by puromycin did not eliminate the ability of thrombin to stimulate glucose oxidation.
